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Observations of morning glory waves and other related non-linear wave disturb-
ances are reviewed along with laboratory and theoretical studies which describe the
formation, evolution and decay of disturbances of this type. Emphasis is focussed
primarily on the properties of morning glories which are at best ill understood.
Special attention is given also to those areas which illustrate the wide diversity of
dynamical processes associated with morning glory wave phenomena.

Some new observations are described which help to clarify the interpretation of
morning glories and their propagation characteristics. It is proposed that morning
glory waves which occur in northeastern Australia can be divided into at least three
independent groups, each of which is characterised by a particular source and a
particular direction of propagation. A new type of commonly occurring morning
glory cloud formation is identified in the form of thin cumulus capping clouds
centred above each of the leading solitary waves at an altitude of about four kilo-
metres. Extensive microbarometer array observations are used to determine the area
over which morning glories propagate as coherent disturbances. Evidence is pre-
sented to show that some northeasterly morning glories, which originate in the early
evening over the Cape York Peninsula, continue to propagate inland over north-
western Queensland during the following day as coherent low-level disturbances for
distances of at least 300 km. It is shown that some northeasterly morning glories
excite waves, apparently on an upper-level waveguide, which are detected during the
following night at Warramunga near Tennant Creek in the Northern Territory,
some 1000 kilometres from their point of origin over the Cape York Peninsula.
Array observations show also that morning glories of different types frequently
interact in the area along the southern margin of the Gulf. It is proposed that iso-
lated breaking waves and other similar localised instabilities which are seen from
time to time near the crest of morning glory roll cloud formations are manifestations
of strong non-linear interactions between intersecting solitary waves. Other obser-
vations of related disturbances both in Australia and elsewhere are critically
reviewed. Finally, we present some numerical solutions based on fully non-linear
wave theory which illustrate the morphology of typical large amplitude solitary
waves in the lower atmosphere.

Solitary waves play a significant role in the initiation and organisation of thunder-
storm squall lines, the modulation of rainfall and the dispersal of atmospheric
pollutants. Since solitary waves usually occur without warning as clear-air disturb-
ances, waves of this type represent a particularly insidious wind shear hazard to
low-flying aircraft, especially during landing or take-off.
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Introduction

It is now generally recognised that solitary waves
and internal bore waves are commonly occurring
features in the lower atmosphere. Waves of this
type range in scale from relatively minor, but
often highly non-linear, disturbances with ampli-
tudes of some tens of meters to waves with ampli-
tudes in excess of several kilometres. Studies
carried out during the last decade have led to a
rapid increase in our understanding of the origin,
propagation characteristics and decay of waves of
this type and the important role these waves play
in the transfer of energy, mass and momentum,
and in the generation and organisation of turbu-
lence.

Much of the work on non-linear atmospheric
waves in recent years has been stimulated by
studies of the morning glory, a spectacular roll
cloud or series of roll clouds (see Fig. 1) which
occurs with considerable regularity, often near
dawn, during the spring months over the southern
margin of the Gulf of Carpentaria and the adjac-
ent Cape York Peninsula in northern Australia
(Clarke 1972; Neal et al. 1977a,b). Morning glory
roll clouds retain their identity for periods in ex-

cess of several hours and are often observed to
extend in length for distances of several hundred
kilometres. Cloud formations of this type are
known to be associated with solitary waves of
large amplitude which arise as the stable compon-
ents in the evolution of long non-linear wave
disturbances (Christie 1978, 1979; Clarke et al.
1981). Morning glories occur in a remote, sparsely
populated, relatively inaccessible area of northern
Australia. It now appears that the area along the
southeast margin of the Gulf of Carpentaria where
these waves are found is unique in that it seems to
be the only location where visible solitary waves
occur on a regular and predictable basis. Despite
the difficulties, observational studies of morning
glory waves have proven to be particularly re-
warding and have attracted substantial interest in
the scientific community.

The objectives of this paper are two-fold. In the
first place, this paper will be concerned with a
thorough critical review of work carried out to
date on morning glory waves with an emphasis on
the influence this work has had on studies of
finite-amplitude atmospheric wave motions in
other areas. Some previously unpublished results
will be presented to illustrate the wide diversity of

Fig. 1 Morning glory roll cloud approaching the outskirts of Burketown, Queensland at about 0900 EST on 24 August
1986. (Photograph by Noel Henderson.)
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physical phenomena associated with the propa-
gation of morning glory waves. The second objec-
tive of this paper will be to draw attention to
various problems in the study of morning glory
waves which remain essentially unresolved and
which require further experimental and theoreti-
cal work. Some of the material presented in this
paper is intended to update and complement the
detailed review of morning glory waves given by
Smith (1988). Naturally occurring large ampli-
tude internal solitary wave disturbances are also
observed frequently in the ocean thermocline. A
thorough discussion of the propagation properties
of internal solitary waves in the oceans may be
found in the recent review presented by Ostrovsky
and Stepanyants (1989).

It seems appropriate at this point to present a
brief overview of the significance of morning
glory and other solitary wave observations in the
atmosphere.

Modern interest in solitary waves dates from
the discovery of the soliton property of the soli-
tary wave solutions of the Korteweg-de Vries
(KdV) equation by Zabusky and Kruskal (1965)
and the ingenious work of Gardiner et al. (1967)
who demonstrated a method, which is now re-
ferred to as the inverse scattering transform, for
linearising and thus exactly solving the non-linear
KdV equation. Zabusky and Kruskal showed that,
despite significant non-linear interaction, KdV
solitary waves exhibit a particle-like behaviour in
that they emerge completely unscathed from col-
lision. The discovery of solitons and the inverse
scattering transform has had a profound impact
on the development of many areas of mathemat-
ics and physics during the last two decades.

Solitary waves are exceptionally robust isolated
waves of large amplitude which evolve naturally
as the long-lived components from quite general
initial perturbations in stably stratified fluids
(Maxworthy 1980). It will be shown below that
most of the energy of an initial disturbance is
eventually focussed into solitary wave compon-
ents when suitable waveguide conditions prevail.
A feature of large-amplitude solitary waves is the
region of recirculating fluid in the interior of the
wave which may have either the properties of the
parent disturbance or possibly that of the environ-
mental fluid immediately adjacent to the surface.
Because of their exceptional stability and very
large amplitudes it must be expected that solitary
waves may initiate deep convection in a con-
ditionally unstable atmosphere.

Solitary atmospheric waves can be excited by a
wide variety of disturbances ranging from thun-
derstorm outflow density currents to mid-latitude
cold frontal systems. Considerable insight into
one of the most important source mechanisms for
these ubiquitous waves has recently been given by
Haase and Smith (1989) who showed from nu-
merical simulations that a density current which

is advancing into a stably-stratified waveguide
layer may transform directly into a sequence of
solitary waves. An interesting feature of solitary
atmospheric waves is that the theoretical descrip-
tion of these waves is somewhat special when
compared with many other atmospheric phenom-
ena in that waves of modest amplitude can be
described by simple analytic expressions in closed
form.

The importance of solitary waves to our under-
standing of the fundamental dynamical be-
haviour of the atmosphere can be seen from
observations which have recently been reported
by Ramamurthy et al. (1990). These authors de-
scribe the morphology of two separate solitary
wave disturbances which were observed to propa-
gate with little attenuation for more than 1000
kilometres over the central and eastern United
States with amplitudes of the order of the scale
height of the atmosphere. These unusually large-
amplitude waves effectively perturbed the whole
of the troposphere and the lower stratosphere and
significantly influenced the weather along their
path, including the organisation of precipitation,
throughout their lifetime. A remarkable feature of
these waves is that they retained their identity
over a long period of time while propagating
through a seemingly chaotic ambient flow regime.
These observations therefore have an important
bearing on our understanding of the overall pre-
dictability of atmospheric motions (James 1990).
It has become increasingly fashionable in recent
years, in the aftermath of Lorenz’s famous paper
(Lorenz 1963), to assume quite generally that the
predictability of atmospheric motions is limited
by deterministic chaos. Observations of long-
lived solitary atmospheric waves in a turbulent
environment suggest that, at least in some aspects,
the behaviour of the atmosphere may not be as
inherently unpredictable as has previously been
supposed.

The morning glory of the Gulf of
Carpentaria

General description

The morning glory of the Gulf of Carpentaria is
one of the most spectacular and interesting of all
meteorological phenomena. It seems remarkable,
therefore, that this unusual disturbance went
largely unnoticed, except by local inhabitants,
during the first seventy years of settlement in the
Gulf region. According to Clarke (1983a,c), the
earliest known published description of the morn-
ing glory, Publication No. 242 (1942) of the Royal
Australian Air Force, is based on notes recorded
by R.V. Deering, a Weather Officer stationed at
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the Flying Boat Base at Karumba from 1937 to
1939. A slightly earlier account of an observation
of the disturbance is given in the biography of
R.D. Gallop (Gallop 1979), an engineer with the
Main Roads Commission who supervised the
building in 1935 of a causeway over the Leich-
hardt River near Augustus Downs, some 100 kilo-
metres south of Burketown on the Gulf. Accord-
ing to Gallop, ‘About 10 o’clock one morning a
black cloud rolled in from the north extending
from horizon to horizon, and as it passed over, left
the workers in semidarkness. Three more such
black clouds of lesser intensity followed. There
was no rain or wind and the usual bright sunny
day followed.’ It is interesting to note that the dis-
turbance at that time was known locally as the
‘gammon storm’. The point at which the disturb-
ance became known by the more colourful name
‘morning glory’ remains obscure. It seems clear,
however, since ‘morning glory’ was in use when
Deering wrote his reports, the term probably was
coined prior to 1937*.

Morning glory roll clouds were well known to all
of the Aboriginal communities along the southern
and southeastern coasts of the Guif of Carpen-
taria. The traditional significance of the glory and
the names used to describe the phenomenon ap-
pear to vary widely from place to place. For
example, according to Roland Moodoonuthi, the
Kiaidalt Council Chairman, the morning glory is
known on Bentinck Island in the southern Gulf as
the ‘worald’ or ‘big wind’. On the mainland op-
posite Bentinck, the morning glory is referred to
as the ‘muburra’ or ‘dew cloud’ according to Dick
Brookdale, a tribal Elder at Doomadgee. It is un-
fortunate that little now seems to be known about
the traditional meaning which various Aboriginal
groups attached to the annual appearance of these
spectacular waves.

The morning glory was first brought to the at-
tention of the scientific community in a pioneer-
ing paper by Clarke (1972) who described the
principal features of the disturbance as they were
known at the time and proposed, on the basis of a
simple numerical simulation, that the disturbance
could possibly be interpreted as a propagating hy-
draulic jump formed in katabatic flow from the
highlands of the Cape York Peninsula. This paper
provided the catalyst for subsequent investi-
gations of the morning glory. Neal et al. (1977a,b)
used data from the few available surface meteoro-
logical stations in the Gulf area to establish a
climatology for morning glory waves. These
authors noted that morning glory disturbances
originate not only from northeast and east direc-
tions, but also on occasion from the south. Chris-
tie et al. (1979) proposed on the basis of a study of

*The ‘morning glory” at Burketown is described briefly in a letter
by an anonymous correspondent published in the 12 September
1934 issue of The Bulletin (Sydney, NSW, Vol. 55 No. 2848,
p. 20).

long non-linear waves at Tennant Creek in the
Northern Territory that the morning glory was
essentially a visible manifestation of solitary
waves of large amplitude propagating on a stable
maritime layer. The arrival of a morning glory
wave is usually marked by the onset of a strong,
but short-lived wind squall or series of wind
squalls. Since disturbances of this type occur fre-
quently without cloud, it has now become custom-
ary to refer to all non-linear wave disturbances at
Burketown as morning glories (Smith 1988). A
map which illustrates the area over which morn-
ing glories are now known to occur is given in
Fig. 2.

The visit by Reg Clarke and his wife Elsje to the
Gulf in 1978 marked the start of a long succession
of expeditions to northern Queensland to study
the properties of the morning glory involving
scientists from the Australian National Univer-
sity, Monash University, the University of Mel-
bourne, the Bureau of Meteorology and the
CSIRO Division of Atmospheric Physics. Much
of this section is concerned with a discussion of
the results from these detailed observational pro-
grams and their significance. High resolution
studies of the evolution of the morning glory and
other related non-linear waves were carried out by
the ANU using portable arrays of microbaro-
graphs deployed primarily during the spring
months on eight separate occasions between 1980
and 1991. The first experiment in 1980 was con-
fined mainly to the neighbourhood of Burketown.
In 1981 and 1982 instruments were deployed be-
tween Burketown and Camooweal (see Fig. 2 for
locations mentioned in text) to investigate the
evolution and origin of southerly waves and the
decay of northeasterly waves. A larger-scale ex-
periment designed to study the full life cycle of
northeasterly waves from their point of origin
over the highlands of the Cape York Peninsula to
their demise over inland western Queensland and
the Northern Territory was carried out in 1983.
Three lines of instruments were deployed during
this experiment in an east—west direction across
the Cape through Weipa in the north, Edward
River in the centre and Croydon in the south with
additional sites around Normanton, Burketown
and Camooweal. Further observational studies of
the evolution and decay of morning glory waves
and related phenomena were carried out in 1986
and 1987 along the southern margin of the Gulf of
Carpentaria between Normanton in the east and
Borroloola in the west and also to the south and
west of the Gulf in the area bounded by Roper
Bar, Katherine and Tennant Creek in the North-
ern Territory. Finally, two experiments were
carried out in conjunction with the Central Aus-
tralian Fronts Experiment (Reeder et al. 1992) in
1990 and 1991 to examine the detailed evolution
pattern of southerly morning glory waves. Some
specific results from these extensive field obser-
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vations which have not been reported elsewhere
will be presented here to illustrate various features
in the evolution of morning glory waves.
On the basis of these array experiments we pro-
pose that three distinct families of morning glory
-waves occur at Burketown. These waves can be
classified roughly according to the direction from
-which they originate as northeasterly to easterly
waves (25° to 115°), southeasterly waves (115° to
165°) and southerly to southwesterly waves (165°
-to 245°). Waves are occasionally observed from
other directions, but these seem to be associated
with local thunderstorms. A little over half of all
disturbances recorded in the Burketown area be-
long to the category of northeasterly to easterly
waves, southerly to southwesterly waves account
for about one-third of the observations, and the
remainder originate from the southeast sector.
The boundary between the second and third wave
groups as defined by the direction of propagation
is not clearly defined. The main reason for classi-
fying morning glory waves into these three dis-
tinct families is because waves from each of these
groups can be active at the same time over the
southern Gulf regton. This suggests that the gen-
esis of morning glory waves observed at Burke-
town may be traced to at least three distinct source
mechanisms. As an example, the approximate lo-
cations of three independent waves from each of
these groups which were active during the late
evening of the 9th and morning of the 10th of
October 1990 are shown in Fig. 2. For the sake of

Fig. 2 Map of northeastern Australia. Heavy hatching
indicates area over which visible morning glory
roll clouds have been reported. Lighter hatching
indicates the area to the south over which north-
easterly morning glory waves propagate on oc-
casion as clear-air disturbances. The wavefronts
which are shown illustrate the approximate lo-
cation at about 0200 EST of three independent
morning glory disturbances which were simul-
taneously active over the southeast Gulf region on
10 October 1990.
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brevity, we shall refer to the northeasterly to
easterly wave group as northeasterly waves and
the southerly to southwesterly wave group as
southerly waves.

Because they often occur just after daybreak at
Burketown and are accompantied about forty per
cent of the time by a spectacular roll cloud for-
mation, northeasterly morning glories were the
first waves to be identified (Clarke 1972). Since
then, these waves have been studied extensively
(Clarke et al. 1981; Smith et al. 1982; Christie and
Muirhead 1983a,b; Clarke 1983b; Smith and
Morton 1984; Smith and Page 1985) and many of
their properties are now considered to be fairly
well understood. The hatched portions on the
map in Fig. 2 show the areas over which cloud
formations associated with northeasterly waves
have been reported and also the more extensive
area, as revealed by microbarometer array obser-
vations, where waves of this type occur as clear-air
disturbances. Southerly morning glory waves
have been known for some time (Neal et al.
1977b,¢; Christie et al. 1981; Smith et al. 1982;
Smith and Page 1985; Smith et al. 1986), but the
origin and propagation properties of these waves
remain obscure. Southerly waves may arrive over
the Burketown area at any time during the night or
early morning daylight hours and may be ac-
companied also by a spectacular roll cloud for-
mation. Waves which originate from the south-
east have not been identified before as a distinct
class and little is known about their characteris-
tics. It is interesting to note in retrospect that
frequently occurring relatively weak wind gusts
from the southeast were noted by Clarke (1972) in
an examination of anemometer records from
Karumba.

An excellent description of the properties of the
morning glory based on the results of aircraft ob-
servations of thermodynamic structure, serial
pilot balloon soundings of the ambient and per-
turbation wind fields and surface observations of
wind, pressure and temperature is given in Clarke
et al. (1981). These authors found that the relative
flow of air is through the disturbance everywhere
except in small regions contained in the leading
waves where trapped recirculating fluid, with
properties which appear to be the same as that of
the undisturbed air near the surface ahead of the
wave, is carried along with the wave. These obser-
vations, which were made in the vicinity of Burke-
town, show explicitly that the disturbance cannot
be described as a density current. These authors
provide convincing evidence to show that north-
easterly morning glories originate in the interac-
tion over the Cape York Peninsula of a sea-breeze
surge from the Coral Sea with an existing stable
surface layer. Further descriptions of the mor-
phology of morning glory waves, including, in
some instances, waves from the south, have been
given in Smith et al. (1982), Clarke (1983b), Smith






